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Abstract 

The tp' — * J/tpTT + TT~ decay process provides a new way to extract the tttt S wave phase 
shifts up to 0.59GeV . In this paper we derive the formulae for extracting the tttt S wave 
phase shifts from the invariant mass spectrum of tttt in the ip' — ► J/ipTr + Tr~ decay. 
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Meson-meson scattering is an important process for understanding the fundamen- 
tal hadron-hadron interactions, tttt interaction, as one of the simplest process, has 
substantially been studied experimentally and theoretically over many years. Up to 
now, the theoretical study of the tctc interaction has been made using perturbative 
and non-perturbative chiral effective theories boson exchange models^, Regge 

analysis p and precise dispersion relation analysis [7] . The experimental investigations 
on this line were commonly carried out in terms of the reactions dominated by one pion 
exchange (for a review, see jjj, for example), and the tttt phase shifts were extracted 
from the analysis o 
and 7t~p — ► n7r°7r° 

extrapolation of the irn interaction and the reaction mechanism cause uncertainties for 
the determination of the tttt phase shifts. 

Many years ago, it was realized that when particles are produced in a reaction, 
some of these particles often interact strongly with each other before going outside 



the reactions ttN — > irnN (e.g. tt p — > nir + 7r 110, Hll, ILL, 
3), 7T+p -> A++7T+7T- and vr+p -> pTr+vrV Q. The off-shell 



the interaction range [15j . and this, so called final state interaction (FSI), makes the 
analysis complicated. But, FSI does provide important information about the reaction 
mechanism and the interaction among the outgoing particles. 

In this paper we discuss the S'-wave isoscalar-channel irn scattering in the if)' — > 
J/ipir + 7f~' decay process and provide a formalism for extracting the inr S wave phase 
shifts from the invariant mass spectrum of the tttt in the ip' — > J/if)TT + 7r~ decay. 

For the decay process ip' J/ip7r + 7i~ , only 1 = channel contributes to the final 7T7T 
amplitude because the isospins of ip' and J/ip are zero. This isospin selection makes 
7T7T phase shift analysis simpler and clearer. In the analysis, the phase space limits 
the kinematic region of the invariant mass in a region below 0.59GeV, and Bose- 
statistics limits the angular-momentum between two pions to be or 2, i.e., S wave or 
D wave. Because the D wave component in the tttt final state is smaller compared to 
the S wave component [l^ . which is consistent with simple analysis, for simplicity, we 
ignore the D wave c omp onent and consider the S wave tctt FSI only in the analysis. As 
mentioned in Refs. |l tL the Lagrangian for the ip' — > J/ipix + Tx~ decay in Fig. 1(a) 
can be written in a form of contact term 

vVjfWf (i) 

Due to FSI, one has to consider an additional diagram Fig. 1(b) for the ip' — > J/ifj7T + 7T~ 
decay. Let fa and mi denote the velocity and the mass of particle % in the final state, 
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respectively. It is easy to derive a relation between and rrii 



2 

mf 



A < i - m ' vj, (2) 

where M is the mass of the initial particle, if)' in this case. This inequality shows that 
the possible maximal velocity of J/ip is much smaller than the corresponding pions'. 
Therefore, we can neglect the FSI between J /if) and pions. 
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*"<w (a) J/ w ^'fp; (b) J/1 ^ 

FIG. 1: Diagrams for the if>' — > J/if)Tr + ir~ decay, (a) represents the contact interaction, and 
(b) denotes the process with irir FSI included. 

The decay amplitude for Fig. [T] can be written in terms of mi amplitudes obtained 
by using the factorization approximation 

T = (J/^ + 7r-\t\i)') = P(l + Gt^ +7r - +7r ^ ++ ^o), (3) 

where P is the amplitude of the contact term, G represents the loop propogator, and 
^+°_ )7r+7r _ +7r - 7r++7r o 7r o = (7r + 7r~|t|7r + 7r~ + it~it + + 7r°7r°) is the amplitude of the process 
7T + 7r~ + 7r~7r + + 7T°7r — » 7r + 7r~. If we denote the four-momenta of if)', tt + , tt~ and J /if} 
by p, p l5 p 2 and p 3 , respectively, the term PGt^°_ 7r+7r _ +7r _ 7r++7r o 7r o actually means an 
integration 

f d 4 q 

where q represents the pion momentum on one of the loop lines. 

at act 

4 2 ,f 



The amplitude for the S wave contact term reads 



? loop lii 

HQ 



P(s) = - ■ &>Pi ■ P2 



p^.e^(s-2ml) } (5) 

J n 



where g is the coupling constant and f n is the pion decay constant with the experimental 
value of 92.4MeV. From Eq. (|5|i. one sees that P is not g-dependent. this implies the 
direct production term P can be factorized from the loop integration. 
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With the phase convention |7r + ) = — 11, 1), the wave function for the I = tttt 
system can be written as 

\™y =o = -^(k + >io + K">k + > + 1^ )^ ))- ( 6 ) 

Then the amplitude ^+°- 7r+7r - +7r _ 7r++7r o 7r o can be rewritten as 

(7T + 7r~|t|7r + 7r~ + 7r~7r + + ttV) = (tt+tt" \t\ (-V6)nit) I=0 

= /=0 ((-2/v / 6)7T7r|t|(-v / 6)7r7r) /=0 

= 2t I=0 (7) 

7T7r,7r7r 5 I ' J 

where fc^ 1 ^ is the 7 = 7r7r scattering amplitude which can be related to the S wave 
I = 7T7T scattering phase shifts if we neglect the D wave contribution. Note that with 
the normalization /=0 (7r7r|7T7r) /=0 = 1, 1 7r + ) |7r ) should be normalized to 2. 

On the other hand, we take the normalization for partial wave amplitudes in such 
a way that the unitary relation for the partial amplitudes satisfies 

ImT l (s)=T}(s)p(s)T l (s) (8) 

with the phase space factor 

p( a ) = 1^ = J_(i _ 1^I)V2. ( 9 ) 

The relation among the partial wave amplitude T( with isospin I and the phase shift 
parameters S{ and r)f reads 

T!(s) = ^(s)(vf(s)e 2iS ' is) - 1). (10) 

Then, taking on-shell approximation in relating t 1 ^ ^ in the decay amplitude to the 
physical values of phase shifts, the S wave isoscalar tctt scattering amplitude be- 
comes 

CM = - i), (ii) 

where the inelastic coefficient t]q(s) is taken to be 1 in this elastic scattering process. 
From Eq. (fTTjl . one finds that t^° n7r is also independent of q, so that it can be factorized 
out from the loop integration. The mr loop integration 

G(s) = i [ ~r~r — „ 5 t 5 , (12) 

7 (27r) 4 - m* + te (p 1 + p 2 - q) 1 -m^ + ie 
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where s = (pi + P2) 2 is the squared four-momentum of the dipion system, can be 
calculated by using a three- momentum cut-off parameter q max , and the analytic formula 
in the frame of the center of mass of dipion can be derived as 

= ^W«) arctan - ln[^(l + A)]}, (13) 



where a(s 



lGeV 



mm 



4m£ 



1, A = \/l + jr^, an< ^ ?m»i takes a reasonable value around 



??) a x 



Finally, we rewrite the decay amplitude as 



T Ee' (A,) -e (A) *T fi (s) 

= - %' {X,) ■ t (X> (s - 2m 2 )(l + 2G( S )4=U (14) 

J IT 



From Eq. (JT3J), one finds that the angular dependence in the total decay amplitude 
comes from e'^ ' ■ e^* only 



The differential decay width is given 2l( by 



1 1 — 

dT = fo \5 1fifl#2 J2J2\ T \ 2 \Pl\\P^ dm ^ dn i dn 3, (15) 



(2vr) 5 16M 2 



A A' 



where M is the mass of ip', m mr — \fs is the invariant mass of it + tt~ , J2x 12\> describes 
the average over initial states and the sum over final states, (|Pi|, is the momentum 
of 7r + in the rest frame of the dipion, and (|p 3 | , 3 ) is the momentum of J/ip in the 
rest frame of ip' . \p\\ and | p»3 1 are expressed, respectively, by 

|P1I = (^-^) 1/2 , (16) 



and 

IpsI 



^[(M 2 - (t^ + m 3 ) 2 )(M 2 - (m^ - m 3 ) 2 )] 1 / 2 , (17) 

where m 3 is the mass of J/ip. Taking into account the fact that ip' produced in the e + e~ 
collision experiments is transversely polarized with respect to the beam direction, the 
average over the initial state should be performed with respect to only two directions. 
With 

^^|e /(V) - e (A) *| 2 =- 12 | e '(A') . e (A)*|2 



A A' * A=0,±1 A'=±l 

= 1 + cos 2 9 3 ), (18) 
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the differential decay width with respect to the tttt invariant mass can finally be written 

as 

^ = 32^ |T ^ (S)|2|P1I|P3|(1 + £| ) 

= l£? ( s _ 2m 2 ) 2 lD:ilD^lfl + + G ^ (e 2i5 Q {s) - l)l 2 (19) 

where s = m 2 n . By fitting experimental 7r + 7r~ invariant mass spectrum of the ip' — > 
J/ifj7i + 7i~ decay bin by bin, one can extract the S wave isoscalar nix phase shifts. 

We thank Prof. Zhu Yong Sheng and Drs. Li Gang and Wu Ning for their sug- 
gestions and discussions. This work is partial supported under the NSFC grant Nos. 
90103020, 10475089, 10435080 and the CAS Knowledge Innovation Key-Project grant 
No. KJCX2SWN02. 



[1] Gasser J, Leutwyler H. Ann. Phys. (N.Y.), 1984, 158: 142; Gasser J, Leutwyler H. Nucl. 

Phys., 1985, B250: 465; Pich A. Rep. Prog. Phys., 1995, 58: 563 
[2] Truong T N. Phys. Rev. Lett., 1988, 61: 2526; Dobado A, Pelaez J R. Phys. Rev., 1997, 

D56: 3057; Dobado A, Pelaez J R. Phys. Rev., 1993, D47: 4883 
[3] Oiler J A, Oset E. Nucl. Phys., 1997, A620: 438; (Erratum) ibid. 1999, A652: 407; Oiler 

J A, Oset E., Pelaez J R. Phys. Rev. Lett., 1998, 80: 3452; Phys. Rev., 1999, D59: 

074001; (Erratum) ibid. 1999, D60: 099906; Gomez Nicola A, Pelaez J R. Phys. Rev., 

2002, D65: 054009; Oiler J A, Oset E. Phys. Rev., 1999, D60: 074023 
[4] XIAO Z G, ZHENG H Q, Nucl.Ph.ys., 2001, A695: 273; ZHOU Z Y, QIN G Y, ZHANG 

P et al., JHEP, 2005, 0502: 043 
[5] LI L, ZOU B S, LI G L. Phys. Rev., 2001, D63: 074003; WU F Q, ZOU B S, Bugg D. 

Nucl. Phys., 2004, A735: 111 
[6] Pelaez J R, Yndurain F J. Phys. Rev., 2004, D69: 114001 

[7] Pelaez J R, Yndurain F J. Phys. Rev., 2005, D71: 074016; Ananthanarayan B, Colangelo 

G, Gasser J, Leutwyler H. Phys. Rept. 2001, 353: 207 
[8] Martin B R, Morgan D, Shaw G. Pion-Pion Interactions in Particle Physics. London: 

Academic Press, 1976. 85-86, 99-101 
[9] Hyams B, Jones C, Weilhammer P et al. Nucl. Phys., 1973, B64: 134 
[10] Grayer G, Hyams B, Jones C et al. Nucl. Phys., 1974, B75: 189 
[11] Estabrooks P, Martin A D. Nucl. Phys., 1974, B79: 301 



6 



[12] Froggatt C D, Petersen J L. Nucl. Phys., 1977, B129: 89 

[13] Achasov N N, Shestakov. Phys. Rev., 2003, D67: 114018 

[14] Biswas N N, Cason N M, Baumbaugh A E. Phys. Rev. Lett., 1981, 47: 1378 

[15] Watson K M. Phys. Rev., 1952, 88: 1163 

[16] BES Collaboration, BAI J Z et al. Phys. Rev., 2000, D62: 032002 

[17] Brown L, Cahn R N. Phys. Rev. Lett., 1975, 35: 1 

[18] Mannel T, Urech R. Z. Phys., 1997, C73: 541 

[19] Manohar A, Georgi H. Nucl. Phys., 1984, B234: 189 

[20] Oiler J A, Oset E. Nucl. Phys., 1997, A620: 438; (E) Nucl. Phys., 1999, A652: 407 

[21] Eidelman S et al. Phys. Lett., 2004, B592: 1 



7 



